Leptin is an adipocyte-derived hormone that controls food intake and reproductive and immune functions in rodents. In uncontrolled human studies, low leptin levels are associated with impaired immune responses and reduced T-cell counts; however, the effects of leptin replacement on the adaptive immune system have not yet been reported in the context of randomized, controlled studies and/or in conditions of chronic acquired leptin deficiency. To address these questions, we performed a randomized, double-blinded, placebo-controlled trial of recombinant methionylhuman leptin (metreleptin) administration in replacement doses in women experiencing the female triad (hypothalamic amenorrhea) with acquired chronic hypoleptinemia induced by negative energy balance. Metreleptin restored both CD4 + T-cell counts and their in vitro proliferative responses in these women. These changes were accompanied by a transcriptional signature in which genes relevant to cell survival and hormonal response were up-regulated, and apoptosis genes were down-regulated in circulating immune cells. We also observed that signaling pathways involved in cell growth/ survival/proliferation, such as the STAT3, AMPK, mTOR, ERK1/2, and Akt pathways, were activated directly by acute in vivo metreleptin administration in peripheral blood mononuclear cells and CD4 + T-cells both from subjects with chronic hypoleptinemia and from normoleptinemic, lean female subjects. Our data show that metreleptin administration, in doses that normalize circulating leptin levels, induces transcriptional changes, activates intracellular signaling pathways, and restores CD4 + T-cell counts. Thus, metreleptin may prove to be a safe and effective therapy for selective CD4 + T-cell immune reconstitution in hypoleptinemic states such as tuberculosis and HIV infection in which CD4 + T cells are reduced.
Leptin is an adipocyte-derived hormone that controls food intake and reproductive and immune functions in rodents. In uncontrolled human studies, low leptin levels are associated with impaired immune responses and reduced T-cell counts; however, the effects of leptin replacement on the adaptive immune system have not yet been reported in the context of randomized, controlled studies and/or in conditions of chronic acquired leptin deficiency. To address these questions, we performed a randomized, double-blinded, placebo-controlled trial of recombinant methionylhuman leptin (metreleptin) administration in replacement doses in women experiencing the female triad (hypothalamic amenorrhea) with acquired chronic hypoleptinemia induced by negative energy balance. Metreleptin restored both CD4 + T-cell counts and their in vitro proliferative responses in these women. These changes were accompanied by a transcriptional signature in which genes relevant to cell survival and hormonal response were up-regulated, and apoptosis genes were down-regulated in circulating immune cells. We also observed that signaling pathways involved in cell growth/ survival/proliferation, such as the STAT3, AMPK, mTOR, ERK1/2, and Akt pathways, were activated directly by acute in vivo metreleptin administration in peripheral blood mononuclear cells and CD4 + T-cells both from subjects with chronic hypoleptinemia and from normoleptinemic, lean female subjects. Our data show that metreleptin administration, in doses that normalize circulating leptin levels, induces transcriptional changes, activates intracellular signaling pathways, and restores CD4 + T-cell counts. Thus, metreleptin may prove to be a safe and effective therapy for selective CD4 + T-cell immune reconstitution in hypoleptinemic states such as tuberculosis and HIV infection in which CD4 + T cells are reduced.
eptin is an adipocyte-derived hormone that conveys information on energy availability and whose circulating levels are proportionate to the amount of adipose tissue present (1) . The functional long form of the leptin receptor (LepRb) is expressed in the hypothalamus where it regulates energy homeostasis and neuroendocrine function. It also is expressed in cells of the innate and adaptive immune system where leptin exerts key regulatory functions (2) . On the basis of studies in rodents and observational and uncontrolled studies in a limited number of human subjects with congenital leptin deficiency, leptin has been proposed to act as a signal that conveys information on energy availability to the immune system. The immune system, like the neuroendocrine system, requires an adequate supply of energy for optimal functioning (3, 4) . Evidence of leptin's importance can be found in animal studies in which mice lacking either leptin or LepRb show defects in cell-mediated proinflammatory T-helper 1 (Th1)-type immune responses (3, 4) . Leptin stimulates in vitro the activation of monocytes from healthy humans in terms of reactive oxygen species production and chemotaxis in polymorphonuclear cells (2) . Children with congenital leptin deficiency have reduced lymphocyte subpopulation numbers and show an increased risk for infection-related deaths during childhood. In these children, the T-cell CD4 + fraction and the T-cell receptor (TCR)-specific proliferative responses are reduced as compared with the general population, and anti-CD3 and purified protein derivative (PPD) recall antigens stimulations were greatly impaired in these subjects (5) . Very recent observational data show that impaired leptin signaling, secondary to a specific leptin-receptor polymorphism, is associated with reduced mucosal immunity against amebiasis in children (6). A direct effect of recombinant methionyl-human leptin (metreleptin) replacement to correct immunophenotypic changes, specifically increasing circulating naive CD4 + CD45RA + T-cell numbers and reversing impaired T-cell proliferation/cytokine release in response to TCR stimulation, has been observed in an extremely small, uncontrolled pilot study of children with congenital leptin deficiency (5) . Treatment with metreleptin in these individuals also led to a switch from an anti-inflammatory Th2 cytokine secretion pattern to a predominantly proinflammatory Th1 phenotype.
Complete congenital leptin deficiency is an extremely rare condition. It has been described in only two families with high rates of consanguinity and in an additional two individuals with sporadic mutations of the leptin gene (1). Acquired leptin deficiency that develops in adulthood [as seen in states of negative energy balance such as malnutrition, HIV, or hypothalamic amenorrhea (HA)] is much more common than complete congenital leptin deficiency and occurs frequently when the balance between inadequate food intake and/or excessive exercise results in a negative energy balance (1) . For example, acquired leptin deficiency in its extreme phenotype is commonly seen in patients with anorexia nervosa (7) and also in strenuously exercising athletes, accounting for more than 30% of the amenorrhea seen in women of reproductive age (8) . Acquired leptin deficiency also is seen in ∼20% of HIV + subjects with highly active antiretroviral treatment (HAART)-induced lipodystrophy and metabolic syndrome (9, 10) and in many cachectic patients. However, little is known about the effects of low leptin levels (considered "relative" leptin deficiency, as seen in HA and HIV) on immune function. Preliminary evidence from a short-term, open-label study showed that leptin replacement activated the TNF system in women with HA (11) . To investigate further and more rigorously the effects of leptin replacement in chronic acquired leptin deficiency on the adaptive immune system, we conducted a randomized, double-blind, placebo-controlled study of metreleptin treatment in subjects with acquired leptin deficiency and HA, treating the subjects with either placebo or replacement doses of leptin for 36 wk. Then we assessed cellular and molecular pathways in detail to dissect the precise effect of metreleptin on immune function in this condition of acquired hypoleptinemia.
Results
Baseline characteristics of both the leptin-and placebo-treated subjects are presented in Table 1 . There was no significant difference between the HA groups with regards to age, weight, body mass index (BMI), or leptin levels. These parameters also were compared with a third group of women with homogeneous age and normal body weight as controls (see below). Metreleptin therapy restored menstruation and, by inference, reproductive hormones in four of eight subjects (vs. one of six placebo-treated subjects) after 12 wk, in five of eight subjects (vs. one of six placebo-treated subjects) after 24 wk, and in five of eight subjects (vs. two of six placebo-treated subjects) after 36 wk of therapy (7) .
Efficacy of Metreleptin in Increasing CD4
+ T-Cell Number in HA Subjects. We first studied whether leptin treatment could affect the immune phenotype of HA subjects. We initially compared the total number of lymphocytes and several subpopulations in the HA subjects (n = 14) and matched them with normal control subjects (n = 13) at baseline. The HA subjects had a significantly lower number of total lymphocytes, B cells, and natural killer (NK) cells. The difference in the populations of CD4 + and CD8 + T cells followed the same trend, but the difference was not statistically significant (Fig. S1 ). After 36 wk of metreleptin administration in replacement doses, the lymphocyte subpopulations of CD3 + and CD4 + cells increased in terms of Δ change in the number of cells/mm 3 over time [calculated by the absolute number of cells/mm 3 at week of treatment minus the number of cells/mm 3 at baseline (time 0); P < 0.05] and in terms of absolute cell number over time compared with normal controls (Fig. 1 and Fig. S1 ). B-cell and NK-cell populations did not change significantly. Within the CD3 + T-cell population, we observed a notable increase in both the naive and memory CD4 + cells (expressing  CD4   +   CD45RA  + and CD4   +   CD45RO + markers, respectively) ( Fig. 1 and Fig. S1 ).
Partial Efficacy of Metreleptin in Restoring T-Cell Proliferation in HA Subjects. We next evaluated the effect of metreleptin treatment on the subjects' peripheral blood mononuclear cell (PBMC) proliferative profile. We stimulated PBMCs isolated from subjects' blood, using either physiologic T-cell-specific stimuli (OKT3 mAb or recall antigen PPD) or using polyclonal unspecific stimuli (phytohemagglutinin or phorbol 12-myristate 13-acetate plus ionomycin) to analyze the proliferative potential specifically of T cells within the PBMC fraction. We first evaluated the impact of HA on in vitro T-cell proliferative responses and found a significant reduction in proliferation in HA subjects as compared with normal subjects (Fig. S2) , particularly in TCR-specific stimulations such as OKT3 (polyclonal) and PPD (antigen specific) (P < 0.05) (Fig. S2) . Furthermore, using in vitro T-cell assays, we evaluated the effect of metreleptin treatment in the HA subjects over time and observed a significant increase in proliferation at week 36 by OKT3 and PPD stimulation (P < 0.05) in metreleptin-treated patients as compared with placebo-treated patients (Fig. 2 ).
Immune Changes Induced by Metreleptin Are Not Associated with Significant Changes in Serum Hormonal Patterns, Survival Cytokines, or Metabolic/Inflammatory Parameters. We next assessed the impact of metreleptin treatment on levels of hormones and cytokines that potentially are responsible for altered immune cell survival. We observed no difference in leptin-binding protein, cortisol, adrenocorticotropic hormone (ACTH), or insulin (Fig.  S3 ). We also investigated the impact of metreleptin treatment on circulating survival cytokines such as IL-2, IL-7, and IL-15. Again, no significant difference was detected in the three groups (Fig. S3) . Finally, no difference was observed in the levels of serum metabolic/inflammatory parameters such as CD40L, soluble TNF receptors (sTNFR1 and sTNFR2), osteoprotegerin (OPG), monocyte chemoattractant protein-1 (MCP-1), myeloperoxidase (MPO), soluble intercellular adhesion molecule-1, resistin, or C-reactive protein (Fig. S4) . It is possible, however, that the lack of significance may result from the relatively small number of participants enrolled in this study.
Specific Transcriptional Signature Induced by Metreleptin in PBMCs from HA Subjects. Given the profound effects of metreleptin on immune cell reconstitution and proliferation, we next evaluated the modulation of gene expression in PBMCs from patients at the different time points during metreleptin treatment (weeks 12, 24, and 36). When comparing the transcriptional profiles at week 12 of treatment vs. baseline (n = 14), we observed 314 differentially expressed genes. Of those, 177 were up-regulated, and 137 were down-regulated compared with baseline. Likewise, at weeks 24 (n = 16) and 36 (n = 11), only 26 and 79 genes changed, respectively, compared with baseline (Fig. 3 ). Of these, No significant differences were found among the three groups with regards to age, BMI, or leptin levels.
13 genes were up-regulated and 13 were down-regulated at week 24; 50 genes were up-regulated and 29 were down-regulated at week 36 ( Fig. 3) . Changes in gene expression at week 12 are summarized in Tables 2 and 3 ; changes at weeks 24 and 36 are shown in Tables S1 and S2, respectively. Using the Database for Annotation, Visualization and Integrated Discovery (DAVID; National Institute of Allergy and Infectious Diseases, National Institutes of Health) functional pathway annotation tools, we analyzed the full pathways at weeks 12, 24, and 36 (Datasets S1, S2, and S3, respectively). The genes affected at week 12 of treatment included those encoding for proteins involved in the regulation (33 genes) and induction (21 genes) of transcription, cell/biological adhesion (17 genes), biological proteolytic pathways (ubiquitin conjugation) (13 genes), negative regulation of macromolecule metabolic process (17 genes), vacuole formation (eight genes), and protein (17 genes) and macromolecule (20 genes) catabolic process. Among the genes that were affected significantly, metreleptin treatment induced the transcripts involved in cell survival and development such as the cytokines IL-7 and neurotrophin-3 (NT-3) factor in PBMCs at week 12. Both IL-7 and NT-3 are involved in lymphocyte survival, their effector functions, and neural development (12, 13) . Conversely, genes involved in cell death/apoptosis, such as the B-cell chronic lymphocytic leukemia/lymphoma 10 (BCL-10) and TP53-regulator of apoptosis-1 (TRIAP-1) genes, were down-modulated significantly, thus confirming an antiapoptotic/prosurvival effect of leptin (14) (15) (16) . The transcription factor 7-like-1 (TCF7L1), known to be a transcriptional activator involved in T-lymphocyte differentiation and necessary for survival of CD4 + and CD8 + immature thymocytes (17) , was up-regulated. In parallel with these changes, genes involved in cell adhesion and cell-cell/cell-matrix interactions, such as ADAM-metallopeptidase-23 (ADAM-23), actinin-3, vascular adhesion molecule-1 (VCAM-1), laminin-α2, and selectin-E (relevant in fertilization, muscle development, and neurogenesis), also were up-regulated (18) , confirming the induction of adhesiveness and activation of immune cells by leptin previously observed in vitro (3).
Additionally, some hormones important in maintaining reproductive functions, such as FSH and progestogen-associated endometrial protein (Paep), were up-regulated by metreleptin treatment (7) . Notably, in addition to its important role in reproductive function, FSH has relevant immune-modulating effects (19) . These effects suggest that leptin, by inducing FSH upregulation, also could be involved in immunomodulatory processes. Moreover, at week 12 we observed up-regulation of genes involved in the control of immune tolerance, such as the forkhead box-D3 (FOXD3) gene (20) , the CD1e molecule [which is necessary for the presentation of lipid antigens to T cells (21)], and the triggering receptor expressed on myeloid cells-2 (TREM-2), which may have a role in chronic inflammation and may stimulate production inflammatory chemokines and cytokines (22) .
It is interesting that at week 24 (Table S1 ) the transcription of the aryl-hydrocarbon receptor nuclear translocator (ARNT) was up-regulated. ARNT is a key component in the elimination of dioxins, well known to be involved in autoimmune disease susceptibility, generation of Th17 and regulatory T (Treg) cells, and protection from infections (23, 24) . The BCL-2-like-11 protein, which is an apoptosis facilitator, and the cannabinoid receptor 2 (Cnr2), which is known to inhibit macrophage-induced inflammation, were both down-regulated (25) . Finally, we also observed the down-modulation of the TGF-β receptor-associated protein-1 (TGFBRAP-1), which plays a role in the TGF-β/activin signaling pathways known to be involved in the control of immune responses and down-modulation of inflammation. At week 36 (Table S2) , we observed up-regulation of the receptor for the cytotoxic ligand TRAIL, TNF-R-10c. This receptor lacks a cytoplasmic death domain and hence is not capable of inducing apoptosis; rather, it protects against TRAILmediated apoptosis by competing with TRAIL-R1 and -R2 for binding to the ligand. The hormone gastrin also was up-regulated, whereas both interleukin enhancer-binding factor-2 (ILF-2) and the growth factor-independent 1 (GFI-1) transcription repressor were down-regulated (26, 27) . The following factors are involved directly and indirectly in lymphocyte survival and function: (i) gastrin, in addition to its effect on acid secretion by gastric cells, has hematopoietic and proinflammatory activities (28); (ii) ILF-2 encodes for a nuclear factor of activated T cells (NFAT) required for T-cell expression of the IL-2 gene (29); and (iii) GFI-1 encodes a nuclear zinc finger protein that functions as a transcriptional repressor (30) . GFI-1 plays a role in diverse developmental contexts, including hematopoiesis and oncogenesis (30, 31) . Finally, the significant changes in gene expression seen at week 12 vs. baseline in the metreleptin-treated group were validated by real-time PCR (Fig. S5) .
Acute in Vivo Metreleptin Signaling in PBMCs and in Vitro Signaling on CD4 + T Cells from Lean, Normoleptinemic Subjects. We next investigated the effects of acute in vivo metreleptin administration on signaling in both PBMCs and CD4 + T cells from lean subjects. Similar to the transcriptional signature induced by metreleptin in PBMCs taken from subjects with HA, the signaling pathways involved in cell growth/survival/proliferation, such as the STAT3, AMPK, mTOR, ERK1/2, and Akt pathways, were activated directly by acute in vivo metreleptin administration in PBMCs (Fig. 4 A-F) and by acute in vitro stimulation with metreleptin in isolated CD4 + T cells from lean subjects (Fig. 4  G-L) . In contrast, acute in vivo metreleptin administration did not regulate SHP2 activation either in PBMCs or in isolated CD4 + T cells, probably because induction of LepR signaling without simultaneous TCR engagement cannot induce high counterregulatory loops mediated by SHP2.
Discussion
Prior evidence suggests that a link exists between energy status and immunity, as well as between energy status and metabolic and neuroendocrine function (32) . The adipocyte-derived hormone leptin has been suggested to be involved in this process (32) . Indeed, leptin acts as a signal to the brain that conveys the amount of energy stored in fat and/or acute changes in energy availability within humans. It has been proposed that leptin acts similarly as a signal that relays energy availability to immune cells (1) . Although extensive experimental evidence in leptin-deficient mice and humans suggests a link between circulating leptin levels and immune function/homeostasis, little is known about the ability of leptin to affect immune homeostasis in normal individuals and in conditions of relative leptin deficiency in humans.
With this study we provide evidence that, relative to normoleptinemic women, women suffering from HA and concurrent chronic acquired relative leptin deficiency have a reduced T-cell count, especially in the CD4 + T-cell subset, and have reduced Tcell proliferative capacity. We provide further evidence that administering metreleptin to these hypoleptinemic women in replacement doses not only restores their CD4 + T-cell count but also partially restores these cells' proliferative potential. This placebo-controlled, randomized study suggests that relative leptin deficiency is associated with reduced number and function of T cells in humans and that metreleptin treatment restores immune cell (specifically CD4 + T-cell) population, size, and function. One limitation of this study is the relatively small sample size, which calls into question this study's ability to detect a statistically significant effect; however, the results discussed herein achieved statistical significance despite our small sample size, indicating that leptin exerts powerful regulatory effects on immune function. Future studies with greater enrollment numbers are needed to confirm and expand the results for which statistical significance was not achieved; in this respect, our data may be used for power calculations and sample-size estimates for future, large, phase III clinical trials.
The capacity of metreleptin to increase CD4 + T-cell numbers, and thus augment the immune-reconstitution process, could Gene expression profile intersection have great impact in settings in which CD4 + T cells are reduced, such as in states of chronic energy deficiency including tuberculosis, HIV infection, anorexia nervosa, or exposure to radiation (33, 34). In the context of immune reconstitution of the CD4 + T-cell compartment, the results obtained are highly encouraging. Indeed, the normal range of CD4 + T cells in adult humans generally varies from 750-1,200 cells/mm 3 (35) . In placebo-treated HA subjects we observed a trend from a low degree lymphopenia to frank lymphopenia over time: The basal average CD4 + T-cell count of these subjects was 721 ± 363 cells/mm 3 ; this cell count became 428 ± 176 cells/mm 3 at week 36. This progressive decline in the CD4 + T-cell count was significant and resembled the decline in CD4 + T counts seen in the progression of other immunocompromised conditions, such as HIV infec- 
Ex vivo PBMCs from lean subjects
In vitro CD4 + T cells from lean subjects when we compared the CD4 + T-cell counts of placebo-treated vs. metreleptin-treated subjects at week 36 (428 ± 176 cells for placebo-treated subjects vs. 1,152 ± 227 cells/mm 3 for metreleptin-treated subjects). This observed increase in the CD4 + Tcell count as a result of leptin treatment is dramatic when compared with the average increase in CD4 + T-cell count observed during HAART: An increase from 50 to 150 CD4 + T cells/mm 3 per year (35) is considered the best possible upper limit of CD4 + T-cell restoration in HIV-infected individuals undergoing HAART, but in this study we observed an average 35-40% increase in CD4 + T-cell count over ∼36 wk. Moreover, the time needed to achieve this 35-40% increase in CD4 + T-cell count is consistent with the average time required for immune reconstitution during HAART treatment, which generally takes about 25-30 wk (35) .
A specific gene signature was observed at the transcriptional level in the PBMCs of metreleptin-treated subjects: Genes involved in cell survival, hormonal response, and cell adhesion were up-regulated, and genes involved in cell death/apoptosis were down-regulated. These observations confirm that leptin administration promotes the expression of genes involved in pathways critical to cell survival, proliferation, and migration through transcriptional regulation (3, 36) . These observations also help explain leptin's marked ability to improve CD4 + T-cell survival and to promote immune reconstitution, perhaps suggesting an important role for leptin in the context of susceptibility to autoimmune disease (2) . We have shown previously that leptin may moderate susceptibility to autoimmune disease through its effects on the survival of Th1/Th17 cells and the inhibition of proliferation of Treg cells (37) . In the context of this observed effect on Th1/Th17 cell survival, the current finding that 24 wk of metreleptin administration induces up-regulation of ARNT expression is an interesting outcome. Aryl-hydrocarbon receptors are transcription factors known to enhance Th17 responses (23, 24) . Therefore, the ability of leptin to induce transcription of ARNT must be considered a critical issue in possible adverse effects and breaks in self-tolerance during treatment, increasing the risk of inflammation and autoimmunity. These data also are in agreement with our finding that the expression of all factors directly or indirectly related with inflammation, immune response, and autoimmune disease susceptibility (including CD1e, FOXD3, and TREM-2) was upregulated as a result of metreleptin treatment.
Although we and others recently have shown that leptin administration effectively improves the metabolic profile of subjects who have HAART-associated lipodystrophy (38) (39) (40) (41) , the results of this study indicate that metreleptin administration also may be considered as a potential therapy for other immunocompromised disease states in which CD4 + T cells play a critical role. For instance, leptin therapy may help decrease the incidence of infectious disease states. One of these states is amebiasis, which is caused by a parasite responsible for the most common form of intestinal infection leading to diarrhea in less developed countries (6) . Recent observational studies have demonstrated that a specific LepR polymorphism appears to impair leptin signaling and induce higher susceptibility to this parasite (5); leptin treatment, through its immunoreconstitutive effects, may help ameliorate this increased susceptibility.
Because leptin acts on immune and neuroendocrine systems in a pleiotropic manner at multiple levels, it is possible that the immunoreconstitutive effects observed in this study with metreleptin treatment may not necessarily be caused by the direct impact of leptin on CD4 + T cells but instead may be a result of leptin's concerted actions on stress hormones or circulating cytokines that control the survival of T cells. To explore this question, we evaluated levels of IL-2, IL-7, and IL-15 (all of which are prosurvival cytokines involved in T-cell survival and thymic selection) in participant serum. We observed no significant change in the circulating levels of these cytokines during metreleptin treatment (12) . Notably, however, IL-7 transcription was up-regulated in PBMCs from metreleptin-treated HA patients. This result suggests that metreleptin treatment induced expression of IL-7 selectively in immune cells and not at a systemic level. Indeed, we observed a significant up-regulation of the IL-7 in circulating cells but saw no significant change in serum levels of IL-7, perhaps because of a dilution effect resulting from circulation. Another possible explanation for this result is that changes in concentrations of circulating cytokines are relatively less relevant than their concentration at the level of the microsite (i.e., lymph nodes, thymus, or bone marrow); the high concentration reached at the microsite can elicit a dramatic local effect by prompting gene up-regulation locally and in the recirculating cells on which our microarray was performed. Indeed, we observed a significant gene up-regulation in circulating cells but no significant change in serum IL-7, possibly because of a dilution effect resulting from circulation.
We also observed that FSH transcription was increased in immune cells as a result of metreleptin treatment. Because FSH promotes both immune cell homeostasis and inflammatory response, we cannot exclude the possibility that some of the increases seen in peripheral immune-cell count/proliferation could be caused by increased FSH expression (19) . Notably, stress hormones, such as cortisol and ACTH, and other hormones such as insulin did not correlate significantly with the changes in immune function reported herein. Therefore, we hypothesize that leptin's immunoreconstitutive actions are caused partly by (i) an indirect prosurvival effect on T cells via induction of IL-7 and FSH but also by (ii) a direct effect of leptin on LepR, which is known to be expressed on T cells. Nevertheless, in another recently conducted randomized, controlled trial, we demonstrated that HA subjects treated with metreleptin recovered menstruation and regained normal levels of hormones in the gonadal, thyroid, growth hormone, and adrenal axes (42) . Therefore, despite the nonsignificant associations reported herein, the distinct possibility exists that the improvement in immune cell number and function could be related, in minor part, to the normalization of the gonadal or other axes (7, 42) . This hypothesis is corroborated by the increase in FSH transcript seen in circulating immune cells from metreleptin-treated HA individuals in this study.
Studies from Tschöp et al. (43) have shown that leptin-initiated neuroendocrine pathways are able functionally to coordinate the systemic immune response. More specifically, the Tschöp group observed that leptin deficiency is associated with impaired immune response and decreased survival in a murine model of sepsis, primarily as a result of impaired neutrophil function. Genetic rescue of leptin signaling exclusively and specifically within the CNS was sufficient to improve mortality and cytokine profiles in these septic mice (43) , suggesting that efficient coordination of the immune response during sepsis relies on leptin-dependent neurocircuitry in the CNS to limit organ damage and prevent mortality (43) . All the observations presented herein reveal the existence of a specific CNS leptin-signaling system that controls systemic immune defense in a functionally relevant manner and suggest that leptin might act in the brain to regulate peripheral immune function directly. Therefore, it is possible that the effects observed as a part of this study in women with HA also could be ascribed to a specific CNS activity whereby metreleptin partly restores immune functions in the periphery (43) .
Finally, we extended findings from these studies by performing acute in vivo leptin-signaling experiments to determine whether the pathways induced by metreleptin in PBMCs and in vitro on CD4 + T cells from lean subjects are similar to or different from those induced by metreleptin in PBMCs from HA subjects. Consistent with data obtained in PBMCs from HA subjects, in which acute in vivo metreleptin administration activates signaling pathways involved in cell growth/survival/proliferation (i.e., STAT3, AMPK, ERK1/2, mTOR, and Akt), we replicated these results in highly purified CD4 + T cells from lean subjects using an in vitro method. Although we have not examined all signaling pathways potentially mediating leptin's actions on PBMCs in vivo, we have studied signaling pathways that we believe are of critical importance. The results potentially are biologically important. The mechanisms reported herein lend themselves to future studies with an ultimate goal of identifying in vivo leptin signaling in immune cells and states in which leptin replacement could help the immune-reconstitution process.
In conclusion, this study provides data on the ability of metreleptin treatment to facilitate immune reconstitution in nonobese subjects with acquired hypoleptinemia. These data begin to construct the conceptual basis for the use of metreleptin and its agonists in hypoleptinemic conditions of negative energy balance such as HIV, tuberculosis, and other infections with reduced T-cell counts. The effects we observed herein need to be replicated in larger studies and in different disease states associated with chronic hypoleptinemia. Whether metreleptin administration can contribute to improved morbidity and mortality in these conditions remains to be shown in future studies.
Materials and Methods
Placebo-Controlled Trial of Metreleptin Replacement in Women with HA. Eligible subjects were women, 18-35 y old, with secondary HA, defined by an absence of menstrual cycles for 6 mo or more, in the setting of strenuous exercise and/or negative relative energy balance. All had normal weight (within 15% of ideal body weight for 6 mo or more) that had not fluctuated more than ± 5 lb over the last 6 mo. All subjects had baseline serum leptin levels <5 ng/mL but were otherwise healthy, with an absence of significant coexisting medical conditions and psychiatric diseases, including depression or past or active eating disorders, as determined using a screening questionnaire, physical examination, and routine blood tests. Other causes of absent menstrual cycles were excluded, including hypothyroidism or hyperthyroidism, polycystic ovarian syndrome, hyperprolactinemia, Cushing's syndrome, congenital adrenal hyperplasia, or primary ovarian failure. None of the subjects had been taking medications known to affect neuroendocrine, immunological, or bone-density measurements, including glucocorticoids, anti-seizure medications, thyroid hormones, or estrogens. Also excluded were women who were breastfeeding, pregnant, or planning pregnancy within 1 y and those with a known history of hypersensitivity to Escherichia coli-derived proteins. Because the effects of metreleptin on the developing fetus are not known, all subjects were required to use doublebarrier methods of contraception (diaphragm with intravaginal spermicide, cervical cap, male or female condom with spermicide). All participants were tested for pregnancy at screening and at all subsequent visits.
Study Design: Placebo-Controlled, Randomized Trial of Metreleptin Replacement in Women with HA. This protocol was approved by the Institutional Review Board of Beth Israel Deaconess Medical Center (BIDMC). Clinical-quality human recombinant leptin (metreleptin, A-100, formerly known as met-Hu-leptin; phase II clinical trial) was provided by Amylin Pharmaceuticals. Metreleptin was administered in the context of an Investigator-Initiated Study protocol and under an Investigational New Drug application by C.S.M. to the Food and Drug Administration. Twenty women were enrolled and provided written informed consent to participate in a randomized, double-blind, placebocontrolled trial. Fourteen of these subjects eventually were studied for immune phenotype and function outcomes. Data from all 20 subjects were used in the microarray analysis. Subjects were randomized in a 1:1 fashion to receive either metreleptin or placebo in the form of a self-administered daily s.c. injection (given between 7:00 PM and 11:00 PM) for a period of 36 wk. Eight subjects were randomized to receive metreleptin and six to receive placebo. The initial dose of metreleptin was 0.08 mg/kg, aiming at achieving a concentration of endogenous leptin within the normal range. If participants had no clinical response, i.e., had not begun menstruating, by week 12, their doses were increased to 0.12 mg/kg and continued at this dose until week 36. Weight was monitored at monthly visits, and metreleptin doses were adjusted accordingly. Metreleptin doses were reduced by 0.04 mg/kg if the participant lost >5% of baseline weight. Participants who lost >8% of their baseline weight or were found to be <80% of ideal body weight were withdrawn from the study. All subjects also received the current standard of care for HA, including calcium (600 mg twice daily) and vitamin D (400 IU daily) supplementation. Fasting blood samples were obtained at visits to our General Clinical Research Center at baseline and every 4 wk. In all phases of the study heparinized blood samples were collected at the baseline visit and every 12 wk thereafter and were shipped to Naples, Italy, by express courier to be processed within 48 h for immune assays. Processing of PBMCs within this time frame assures their viability, according to standard immunology procedure and verified by our extensive studies in healthy controls and leptin-deficient subjects using a similar protocol (8) . PBMCs also were collected at these time points at C.S.M.'s BIDMC laboratory using the same standard immunology procedure used in Italy. RNA for microarray analysis was isolated from PBMCs at the BIDMC Genomics and Proteomics Center using the manufacturer's protocol for TRIzol reagent (Invitrogen).
Study Design: Healthy Controls. We additionally included 13 healthy volunteer donors in this study. The healthy controls were matched for age, BMI, and leptin levels with HA patients at baseline ( Table 1) . None of these healthy controls had a history of endocrine disease, autoimmune disorders, or infection. The study was approved by the Beth Israel Deaconess Medical Center institutional ethics committee, and all individuals gave written informed consent. The experimental procedures for the immune phenotype analysis of peripheral blood and lymphocyte cultures and stimulation after isolation of human PBMCs were the same as those used for the HA patients.
Acute Metreleptin Signaling Study of PBMCs in Vivo and CD4
+ Cells in Vitro.
Normal, healthy, lean volunteers were recruited from the community and screened at the Clinical Research Center (CRC) at BIDMC. Subjects were excluded if they had a history of any illness that might affect insulin sensitivity, use of medications that are known to influence glucose metabolism, history of anaphylaxis or anaphylactoid-like reactions, or a known hypersensitivity to E. coli-derived proteins or anesthetic agents such as Lidocaine or Novocain. All subjects provided written informed consent to participate, and the study was approved by the institutional review board at BIDMC. Subjects were provided with take-home meals and consumed an isocaloric diet, specifically designed for each subject, for 48 h before their main study visit to ensure stable dietary intake. On the morning of the main study visit, subjects attended the CRC after a 12-h fast. For an acute in vivo metreleptin signaling study, we performed experiments with PBMCs before and after the injection of a bolus of metreleptin (0.01 mg/kg body weight for 20 min) or placebo ( Immunophenotype. Immunophenotypic analysis of peripheral blood was performed with an EPICS XL flow cytometer (Beckman Coulter). Triple combinations of different anti-human mAbs, e.g., FITC-and phycoerythrin (PE)-anti-CD3, PE-and PC-5-anti-CD4, PC5-anti-CD8, PE-anti-CD16, PC5-anti-CD19, PE-anti-CD25, FITC-anti-CD45, and PE-anti-CD56 (Coulter Immunotech) were used for immunofluorescence staining.
Lymphocyte Cultures and Stimulation. Human PBMCs were isolated by stratifying 15 mL of whole blood on 5 mL of Ficoll-Paque PREMIUM (GE Healthcare) and centrifuging the solution at 1.2 × g for 20 min. Next, the lymphocyte layer was removed and washed twice by resuspending the pellet with 40 mL of serum-free RMPI medium and centrifugation at 1,700 rpm for 5 min at room temperature. Viability of cells was verified to be 85-95% by using trypan blue staining and annexin-5 binding during flow cytometry, and serum glucose levels were measured as a marker of metabolic activity. T cells were cultured in medium supplemented with 5% (vol/vol) autologous subject serum. T-cell cultures were performed in triplicate in 96-well roundbottomed plates. PBMCs (2 × 10 5 per well) were stimulated in parallel with 0.1 μg/mL OKT3 (Orthoclone); 2 μg/mL phytohemagglutinin (Sigma); 0.01 μM phorbol 12-myristate 13-acetate (Sigma); 0.5 μM ionomycin (Sigma); and 10 μg/mL PPD (Northern Serum Institut). T-cell viability, assessed before each proliferative assay, was 85-95%. Stimulated PBMCs were maintained in culture for 72 h, and H 3 thymidine was added (0.5 μCi per well) during the last 12 h. Cells were harvested on fiberglass filters using a 96-well cell harvester (Tomtec Inc.) and were counted in a 1205 Betaplate liquid scintillation counter (Wallace). Results are expressed as mean ± SD cpm from triplicate cultures.
Cytokines and Hormonal Measurements. The human obesity kit (Bender Medsystems GmbH) was used for quantitative detection of soluble MPO, ICAM-1, CD40L, TNFR, MCP-1, and OPG by flow cytometry (FACSCanto-BD) according to the manufacturer's instructions. Data were analyzed using FlowCytomix Pro-2.2 Software (Bender Medsystems GmbH). For leptin, IL-2, IL-7, IL-15, and leptin receptor measurements commercially available ELISA kits from R&D Systems were used as previously described. The following hormone levels were measured using immunoassays: cortisol, IGF1, insulin, and ACTH (Immulite; Siemens Healthcare Diagnostics). Serum leptin and free leptin were measured by RIA (Millipore) with a sensitivity of 0.5 ng/mL, an intraassay coefficient of variability (CV) of 3.4-8.9%, and an interassay CV of 3.0-6.2%.
Protein Extraction and Western Blotting. For total cell extracts, collected samples were suspended in a lysis buffer containing 20 mM Tris·HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 0.1 mM PMSF, 0.05% aprotinin, and 0.1% Igepal and then were incubated for 30 min at 4°C. The suspension was centrifuged for 25 min at 12,000 rpm, and the supernatant was saved as the total extract. For Western blotting, proteins were loaded in each lane. After SDS-PAGE, proteins were blotted onto nitrocellulose membranes (Schleicher & Schuell, Inc.). The membranes were blocked for 1 h in Tris-buffered saline (TBS) containing 5% nonfat dry milk and 0.1% Tween 20. Incubation with primary antibodies was performed overnight in TBS containing 5% nonfat dry milk and then with HRP secondary antibodies for 2 h. After incubation with antibodies, membranes were washed with TBS containing 0.1% Tween-20. Enhanced chemiluminescence was used for detection. The following antibodies were used : anti-STAT3, anti-phospho-STAT3 (Y705), anti-mTOR, anti-phospo-mTOR, anti-SHP2, anti-phospho-SHP2 (Cell Signaling Technology), anti-ERK, anti-phospho-ERK, anti-AMPK, anti-phospho-AMPK, anti-AKT, and anti-phospho-AKT (Santa Cruz). Measurement of signal intensity on nitrocellulose membranes after Western blotting with various antibodies was performed using Image J processing and analysis software (http:// rsbweb.nih.gov/ij/).
Microarray Analyses. Total RNA was isolated from PBMCs using the manufacturer's protocol for TRIzol reagent (Invitrogen) and was purified further using RNeasy spin columns (Qiagen). RNA concentration and purity were determined from 260 nm/280 nm absorbances. RNA integrity was determined using the Agilent 2100 BioChip (Agilent Technologies). The RNA then was subjected to a single amplification run, labeled with biotin nucleotides, digested into fragments of the proper size, and hybridized to the HT-HG-U133A and HT-HG-U133B gene microarrays (Affymetrix) following a standard protocol established by the manufacturer. Hybridized chips were reacted with FITC-avidin, and raw fluorescence intensities were read with a laser scanner. Affymetrix GeneChip raw data (CEL files) were imported into R v. 2.13 and analyzed with the bioinformatics facilities present in the BioConductor packages (44) . Data were quality checked with the BioConductor packages affyPLM and affy (45) . Subsequently, the data were reannotated according to the updated information present in the National Center for Biotechnology Information (NCBI) Entrez Gene database (http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/ 14.1.0/entrezg.asp) and preprocessed by the Robust Multi-array (RMA) algorithm (46) . The quality-checked, reannotated, and preprocessed geneexpression data were screened for differentially expressed genes by a linear model including the interaction of the treatment-by-time and the subject (pairing) terms (Y ∼ treatment * time + subject + error) followed by a moderated t test for the pairwise comparisons of interest. Genes with nominal P value < 0.01 were considered to be significantly differentially expressed. The lists of differentially expressed genes then were searched for overrepresented biological themes by the DAVID annotation tool with the default parameters (47) . The microarray data used in this study are available at NCBI Gene Expression Omnibus (GEO) database (www.ncbi. nlm.nih.gov/geo/query/acc.cgi?token=rtmtdyekqooksxa&acc=GSE36990), accession no. GSE36990.
Real-Time PCR Validation. Differentially expressed genes in microarray analyses were verified by real-time PCR using ABI7500FAST (Applied Biosystems) with a 20-μL reaction volume consisting of cDNA transcripts, primer pairs, and SYBR Green PCR Master Mix (Applied Biosystems). Quantifications were normalized to 18S in each reaction. The sequences for the primers are listed in Table S3 .
Statistics. Differences in baseline characteristics between HA and control subjects were calculated using unpaired t tests. Where data were not normally distributed, we used nonparametric Mann-Whitney U tests. The statistical software used was GraphPad InStat3 version 3.0. For the acute in vivo metreleptin signaling study, data were analyzed with the Student t test and/ or one-way ANOVA followed by a post hoc test for multiple comparisons. Analyses were carried out using SPSS (version 11.5, SPSS).
